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Abstract 
The paper describes the SNT.1 system for calculating the isotopic composition and induced activity of irradiated materials in innovative 
accelerator-driven systems (ADS). The SNT.1 algorithm, a list and the format of input data, a list of the evaluated nuclear data libraries to be used 
in calculations, and the potential calculation options are presented. The activity calculation for the water cooling of the Ta target in the TRADE 
project is presented, and the calculation results are compared with those obtained using other codes. The concentration and the activity of the 
nuclides formed during irradiation of a lead-bismuth target have been calculated with due regard for the variations in the accelerator current during 
irradiation. The possibility for neural networks to be used for the approximation and restoration of data, such as the reaction cross-sections, has 
been studied. The RBF and GRNN neural network structures were selected to approximate data on the 209 Bi (n, 3n) 207 Bi and 54 Fe (n, p) 54 Mn 
reaction cross-sections. Neural networks were used to restore data for the total cross-section of reactions of interaction with 209 Bi nuclei. The 
approximation quality was assessed using agreement factors. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by Elsevier 
B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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 Transmutation of nuclear waste 
Transmutation of long-lived nuclei from spent reactor fuel
into stable or short-lived nuclides is looked upon as an alterna-
tive to waste disposal and is expected to lead to greatly reduced
nuclear plant impacts on the environment. Thanks to transmu-
tation of waste, it is possible to achieve a radiologically cleaner
nuclear power. Therefore, it becomes essential to develop codes
for calculating the isotope composition and the induced activity
of irradiated materials. Such calculations are important both for
the theoretical and practical aspects of the nuclear power plant
operations, as well as for the fields of medicine and ecology. 
Most of the danger comes from long-lived transuranic ele-
ments. Time-variable values of the relative radiotoxicity of long-∗ Corresponding author. 
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This is an open access article under the CC BY-NC-ND license ( http://creativecommived transuranic elements are presented in Table 1 (radiotoxicity
f plutonium for 10 years was taken as unity). 
Over time, the activity of spent nuclear fuel (SNF) comes
own thanks to the decay of short-lived fission products, still ma-
or contributors to the activity for hundreds of thousands of years
ave been long-lived transuranic elements and fission products.
The key strategies in solving the radioactive waste problem
re the following [1–3] : 
- direct disposal of RW (current strategy); 
- partial reduction in the amounts of Pu, minor actinides and
fission products through transmutation with further geologi-
cal disposal; 
- reduction in the amounts of nuclear waste, to such extent
as possible, through transmutation into stable isotopes, e.g.
using accelerator-driven systems (ADS). 
This requires emphasis to be placed on the development and
se of nuclear plants with an external neutron source that can be
lso used for generation of isotopes for medical applications. w Engineering Physics Institute). Production and hosting by Elsevier B.V. 
ons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. SNT.1 operation flowchart. 
Table 1 
Time-variable values of the relative radiotoxicity of long-lived transuranic ele- 
ments. 
Nuclide T 1/2 , years Storage time, years 
10 100 1000 10,000 
238 Pu 87.7 233 110 0.3 1.5 
239 Pu 2.4 ·10 4 1 1 0.97 0.75 
240 Pu 5.56 ·10 3 3.6 3.6 3.3 1.3 
241 Pu 14.4 45 56 13 0.02 
242 Pu 3.7 ·10 5 0.05 0.05 0.05 0.05 
237 Np 2.1 ·10 6 0.02 0.02 0.02 0.02 
241 Am 432 63 54 13 0.02 
243 Am 737 3.3 3.3 3.1 1.8 
244 Cm 18.1 600 20 3.3 1.3 
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t  At the present time, different organizations worldwide carry
ut investigations in the field of separation and transmutation
echnologies. 
Calculations and studies in the field of transmutation and ac-
ivation of materials, ADS and nuclear medicine use advanced
oftware and codes making it possible to calculate different ADS
haracteristics, isotope compositions, activities of materials, ir-
adiation doses, and radiation damage. 
nteractive system for calculation of the isotope 
omposition and activity in irradiated materials 
Calculations of the isotope compositions and induced activ-
ties in materials are based on solving the system of Bateman’s
quations realized by a number of methods: numerical solu-
ion, solution by matrix exponent method and analytical solution
Bateman’s formula). 
The equation for the concentration of an individual k th nuclide
ooks as 
d N i (t ) 
dt 
= 
∑ 
k  = i 
(λr ik + λd ik ) · N k (t ) − (λr i + λd i ) · N i (t ) , 
here N i ( t ) is the concentration of the i th nuclide at the time t ; λr ik 
nd λd ik are the rates of the nuclear reaction and the radioactiveecay as the result of which the k th nuclide transforms into the
 th nuclide; λr i is the rate of the i th nuclide transmutation in
uclear reactions, and λd i is the rate of the radioactive decay of
uch nuclide. 
To solve the system of Bateman’s equations, the SNT.1 soft-
are package [4] was used, in which the concentration of iso-
opes is calculated by matrix exponent method. In this case, the
olution is sought in the form 
 ( t ) = exp ( tC ) N ( 0 ) . 
By setting tC = A , we shall expand the exponent in a Taylor
eries. Then the solution will have the form 
xp ( A ) N ( 0 ) = (1 + A + A 2 / 2! + A 3 / 3! + . . . )N ( 0 ) . 
The SNT.1 package is a computational model and a user
raphic interface. Computational model is a set of Fortran-based
rograms. The user input/output interface is written in the C#
anguage using the Microsoft Visual Studio.Net 2008 devel-
pment environment. Such combination provides for a great
mount of computations, on the one hand, while, on the other
and, for a simple and understandable input of needed data and
utput of results in a convenient form, that is, as diagrams and ta-
les that can be stored, reformatted and opened through different
pplications (Word, Excel, MathCad and others). The package
peration flowchart is shown in Fig. 1 , and the interface is shown
n Fig. 2. 
The nuclide concentration and activity are calculated in the
rocess of irradiation and when the irradiated material is cooled.
he input data represent spectra of particles, cross-sections of
uclear reactions in the considered range of energies, and data
n the radioactive decay of the nuclei under investigation. All
hese calculations are performed with regard for the irradia-
ion conditions (options with a variable accelerator current and
ith a variable spectrum). The option with a time-variable ac-
elerator current requires presetting the current values and the
ime intervals for which they were maintained. Spectra and time
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Fig. 2. User input/output interface. 
Fig. 3. Toxicity calculation. 
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braries, including: intervals are preset for calculations with a variable spectrum of
particles. 
Calculations include preparation of data needed to calcu-
late the concentration of nuclides, computation of the isotopeomposition in materials during irradiation, and calculation of
he isotope concentrations and activities during cooling. 
Cross-section data can be taken from neutron and proton li-
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Fig. 4. Activity calculation results. 
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Fig. 5. Activity diagrams for all three irradiation options. 
Fig. 6. Cross-sections of the reactions 209 Bi (n, 3n) 207 Bi (top) and 54 Fe(n, p) 
54 Mn (bottom). 
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i- Neutron libraries presented in the ENDF-6 format (can be
obtained from the library using the ADR (activation data
reader) software module [5] . 
- MENDL library [6] containing cross-sections of neutron re-
actions for nuclei in a range from Al to Po at energies of 20
to 100 MeV. 
- WIND library [6] including data on cross-sections of neutron
and proton reactions for long-lived radionuclides at energies
of 1 MeV to 10 GeV. 
- PADF library [9] containing cross-sections of proton reac-
tions for nuclei in a range from Mg to Ra at energies of 0 to
150 MeV. 
- IEAF library [7] containing cross-sections of neutron reac-
tions for nuclei in a range from H to Po at energies of 150 to
1000 MeV. 
- HEAD library [8] containing cross-sections of neutron and
proton reactions for nuclei in a range from H to Po at energies
of 150 to 1000 MeV. 
From a practical point of view, it is better to use the term
toxicity” to define the potential biological hazard of radionu-
lides. Therefore, one of the package operation modes is estima-
ion of toxicity depending on how the nuclide enters the human
rganism: through ingestion (ingestion toxicity) or inhalation
inhalation toxicity). 
The dependence of the activity on time and the toxicity calcu-
ation results for different organs are presented for each isotope
n the form of tables and diagrams. An example of such calcu-
ation is given in Fig. 3. 
ractical application of SNT.1 
ctivity calculation for the TRADE project 
To verify the program, the activity of the water for cooling the
a target in the TRADE (TRiga Accelerator Driven Experiment)
roject was calculated [10] . The target was irradiated by protons
ith the energy of 140 MeV. The calculation results were com-
ared to calculations based on the FISPACT [11] , SP-FISPACT
12] and ANITA-IEAF [13] codes. 
The results of the activity calculation using all codes are pre-
ented in Fig. 4 and in Table 2 . The diagrams plotted using theNT.1 and FISPACT codes are close to each other, despite the
act that different methods are implemented in these codes to
olve Bateman’s equation. 
Calculation of the concentration and activity of nuclides
ormed during irradiation of a Pb-Bi-target with regard for the
ariation in the accelerator current during irradiation. 
The concentrations and activities of nuclides formed during
he irradiation of a lead-bismuth target (43.5% Pb, 56.5% Bi)
y protons with the energy of 575 MeV were calculated. Three
rradiation options were considered: 
- with a variable value of the accelerator current; 
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Fig. 7. Calculation for a range of 150 to 200 MeV (top) and of 200 to 400 MeV (bottom). 
Table 2 
Calculation results. 
Time after 
irradiation, year 
Activity, Bq/kg 
FISPACT SP-FISPACT ANITA-IAEF SNT.1 
1.00E-10 4.53E + 10 1.73E + 11 1.90E + 11 6.43E + 10 
3.17E-08 4.14E + 10 1.61E + 11 1.80E + 11 6.43E + 10 
0.00274 2.79E + 09 8.46E + 09 2.65E + 10 5.29E + 09 
0.01918 2.78E + 09 8.25E + 09 2.64E + 10 5.29E + 09 
0.08493 2.77E + 09 7.58E + 09 2.63E + 10 5.29E + 09 
1 2.63E + 09 5.52E + 09 2.50E + 10 5.03E + 09 
10 1.59E + 09 3.31E + 09 1.51E + 10 3.03E + 09 
100 1.05E + 07 2.56E + 07 1.02E + 08 2.05E + 07 
1000 376115 4.09E + 06 5.81E + 06 1.08E + 06 
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i- with a constant accelerator current value of 77.42e −06 A
(the average daily current value for option 1) in a continuous
mode; 
- with a constant accelerator current value of 77.42e −06 A,
with the accelerator operating continuously for 12 h a day. 
The activity calculation results for all cases are presented in
Fig. 5. eural networks for approximation and generation of 
eutronic data 
It is technically and economically difficult to obtain exper-
mental neutronic data, such as cross-sections of reactions, so
ifferent codes are broadly used to simulate physical processes
aking place during the nuclei interaction with protons and neu-
rons. The possibility for such data to be obtained using neural
etworks was analyzed [14,15] . 
Neural networks were used to approximate the experimental
ata taken from the EXFOR library [16] based on the cross-
ections for the reactions 209 Bi (n, 3n) 207 Bi and 54 Fe(n, p) 54 Mn
 Fig. 6 ). The approximation result was compared to the FENDL
ross-section library, and the approximation quality was evalu-
ted using respective agreement factors. 
The find out if it is possible to obtain data using neural net-
orks in the ranges of energies where experimental data are
nsufficient or absent, data were taken for the total cross-section
f reactions during interactions of neutrons with the nuclei of
09 Bi for energies of 150 to 1000 MeV from the EXFOR exper-
mental data library. 
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[Two options were considered: 
- with excluding from the data some of the cross-sections in a
range of 150 to 200 MeV (the cross-section decreases in this
region as the energy grows); 
- with excluding from the data some of the cross-sections in a
range of 200 to 400 MeV (the cross-section initially decreases
and then grows). 
Using the RBF (radially basic) and GRNN (generalized re-
ressive) neural networks, these data were restored, and the re-
ults were compared to the EXFOR original data. The results
f the calculation using neural networks for the two regions are
hown in Fig. 7. 
Therefore, using neural networks as a mathematical model to
escribe the nature of the variation in the available experimen-
al data, it is possible to obtain the required data and to perform
urther calculations without using complex codes based on phys- 
cal models of processes taking place during interactions of nu-
lei with protons and neutrons. 
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